One of the main functions of the airway mucosa is to maintain a mechanical barrier at the air-surface interface and to protect the respiratory tract from external injuries. Differentiation of human airway epithelial cells (hAECs) to polarized airway mucosa can be reproduced in vitro by culturing the cells on microporous membrane at the air-liquid interface. Here, we describe approaches to study differentiation as well as repair of the hAECs by using a commercially available airway cell culture model called MucilAir TM .
Introduction
The respiratory epithelium plays a fundamental role as a line of defense against pathogens. Among other lung diseases, cystic fibrosis (CF) has been associated with a damaged airway mucosa consequently to chronic lung inflammation and with an abnormal repair (1, 2) . Various models were developed by researchers aiming to study the behavior of the respiratory epithelium and its repair.
Animal models appear to be useful for CF research (see related chapter in this book). repair, several strategies have already been described in the literature using these models (for a review, see (3) ). In vivo approaches consist in the inhalation of gases or the intratracheal instillation of drugs. Ex vivo airway epithelial xenograft models have also been developed. In this case, immunocompromised mice were used to receive grafts subcutaneously. Using this approach, Hajj et al. (4) studied the regeneration of human CF airway epithelium and reported a delayed and abnormal re-differentiation. Nonetheless, these animal-based models exhibit some troubles. First of all, the study of mouse lung regeneration in the context of CF brings into question that mice do not exhibit a CF phenotype in the control conditions (without injury). So, even if we may draw conclusions about repair of the normal epithelium, the extrapolation to the CF epithelium based on CFTR knockout mice might be biased. Second, in the xenograft model, grafts are transplanted heterotypically, leading to a complete change of the normal tissue environment.
Closer to the native human healthy or pathologic airway epithelium, several groups developed in vitro cultures using hAECs obtained from surgical resection or brushing. Epithelial cells from the airway epithelium are isolated by explant culture or enzymatic dissociation (for review, see (5)). A key concept is the switch from submerged cultures to an air-liquid interface allowing the development of differentiated airway epithelia (6, 7) . To this end, inserts with porous membranes in tissue culture wells were used (8) . On the same basis of air-liquid interface culture, at least two kinds of models were developed. One is based on the plating of isolated hAECs on collagen IV-coated inserts (9) . The culture is usually viable for about 1 month after the beginning of the culture (4). The other model consists in a first step of hAEC proliferation followed by a second step of differentiation (10, 11) . These models present the advantage to amplifying a rare material, especially for CF tissues. The MucilAir TM system presents the characteristics of the human airway epithelium with the presence of basal cells, goblet cells, and ciliated cells organized in a pseudostratified epithelium. An advantage of this system is the possibility to keep the airway epithelium differentiated for up to 6-9 months enabling to monitor epithelial repair, a process that lasts days to weeks depending on the extent of the lesion.
The aim of this chapter is to first describe the characteristics of a well-differentiated airway epithelium maintained in primary culture. Thus, different protocols concerning the states of differentiation are given: epithelial morphology and expression of specific markers (Ki67, β-tubulin, and connexins). Second, a strategy mimicking an injury in vitro is described. Finally, the last part of this chapter concerns methods to monitor epithelial repair, including measurement of the kinetics of wound closure, cell proliferation, and migration.
Materials

hAEC Cultures and Media
hAEC Cultures
Differentiation and repair of hAECs were evaluated on the commercially available in vitro airway epithelium cell model MucilAir TM (Epithelix, Plan-les-Ouates, Switzerland). The respiratory epithelium is reconstituted from primary hAECs freshly isolated from nasal polyps or from tracheal/bronchial biopsies, according to methods that are extensively described in this book. Briefly, hAECs are seeded onto 33-mm 2 Costar Transwell inserts (Costar, ref. number 3470) with transparent microporous membranes (0.4-μm pore). Two days after seeding, hAECs are switched to an air-liquid interface for at least 45 days. This leads to the differentiation of hAECs to a mucociliated pseudostratified airway epithelium that is maintained in a homeostatic state for months (11) . The transparent microporous membrane allows direct observation of the cells under a conventional inverted microscope. Moreover, the polyethylene membranes are more resistant than polycarbonate membranes and can withstand mechanical forces. 
Materials for Wounding
1. A conventional airbrush (Triplex, Gabbert).
2. A source of compressed air.
3. Pressure regulator (0.1 and 0.5 bar).
4. Flexible pipe allowing the connection between the pressure regulator and the airbrush.
Other Equipments
1. Inverted microscope equipped with fluorescein filters and UV illumination, standing on an anti-vibration table. A micromanipulator is also required to position thin-tip microelectrodes.
2. Borosilicate glass capillaries with an internal filament (for example, Kwik-Fil TM 1B120F-4 from World Precision Instruments, Inc.) and a microelectrode puller (typically, we use a vertical Narishige PC-10, Tokyo, Japan).
3. Module allowing the measurement of the transepithelial electrical resistance (for example, EVOMX from World Precision Instruments, Inc.).
Methods
Approaches to Study Differentiation of hAEC
hAECs grown on filters lose their differentiated features. Differentiation can be triggered by exposing the apical surface of hAECs to air (7) . Below, we describe approaches to monitor the differentiation of hAECs to a full polarized airway epithelium.
Morphology of the Differentiating Airway Epithelium
The differentiation of hAEC can be evaluated by paraffinembedded sections of the cultures, although the procedure on Transwell inserts is delicate: 1. Fix the hAEC culture with the 4% PFA solution for at least 1 h.
2. Carefully remove the microporous membrane from the insert using a scalpel blade. Avoid tearing/bending of the membrane.
3. Follow a usual protocol of dehydration (succession of baths of ethanol from 70 to 100%, xylol) and embedding in paraffin. Embed the membrane vertically in paraffin. We use an automatic embedding machine for treating histological examination (Tissue Processor; Leica Microsystems, TP1020).
4. Make 5-μm-thick sections with a microtome and mount them on charged slides (as Superfrost R slides). See Note 1 for tips and tricks.
5. Rehydrate the samples (succession of baths of xylol, ethanol from 100 to 70%, distilled water) before staining (hemaluneosin, periodic acid Schiff coloration, Alcian blue, etc.). The morphology of hAECs grown at the air-liquid interface for increasing the amount of time is illustrated in Fig. 10 .1 (top panels). With time, hAECs become taller and cilia appear at the apical surface. The presence of basal and mucous cells is also observed. The typical morphology of the respiratory epithelium is maintained on the long term. sections of MucilAir TM cultures. hAECs organized as a monolayer during the first week of culture. At this time, a high proliferation rate (Ki-67 staining) is associated with an undifferentiated state (few cells stained for β-tubulin) and a high level of Cx26 expression. After 7 weeks, the hAEC culture exhibits a pseudostratified ciliated epithelium with goblet cells (arrowhead). This differentiation is correlated with a low proliferation rate, a huge amount of β-tubulin staining, and the absence of Cx26 expression. The latter profile is maintained over months (as shown as an example at 14 weeks). Bar, 25 μm.
Immunohistochemical Detection of Markers of hAEC Differentiation
Typically, differentiation is associated with inhibition of hAEC proliferation and occurrence of neociliogenesis. Several markers of hAEC differentiation can be detected by immunohistochemistry. To this end, immunofluorescence is performed for Ki-67 (a nuclear marker of cell proliferation) and β-tubulin (a component of ciliae). We also use connexin26 (Cx26, a gap junction protein) and Cx43 as key markers of differentiated hAECs (12) Fig. 10.1 . At early time after the air-liquid interface has been established, hAEC cultures exhibit mostly a monolayer appearance, high proliferation rate, and absence of ciliae. With longer time at the air-liquid interface, proliferation ceased while differentiation is evidenced by the absence of Ki-67 detection and numerous cilia covering 90% of the epithelial surface after 45 days of culture. Of interest is the marked decrease in the expression of the gap junction proteins Cx26 and Cx43 with differentiation of hAECs (12) , as illustrated in Fig. 10.1 for Cx26.
Monitoring Gap Junctional Intercellular Communication
The loss of Cx43 and Cx26 with time at the air-liquid interface allows evaluating hAEC differentiation by monitoring gap junctional intercellular communication. In human, 20 different genes coding for connexin have been found. These connexins are associated with specific pattern of tissue expression, and depending on connexin composition, gap junction channels exhibit different permeability to molecules and dyes. We describe below an approach to microinject the fluorescent dye Lucifer yellow in hAEC cultures:
1. Cut the top of the Transwell insert half a centimeter above the cell culture. See Note 3 for tips and tricks.
2. Place the insert on a drop of culture medium onto a glass slide and move the preparation to the stage of the inverted microscope equipped for fluorescein detection. An extensive cell-to-cell diffusion of the tracer will be indicative for a not yet differentiated airway epithelium. Ciliated cells within a well-polarized and differentiated airway epithelium do not communicate in terms of Lucifer yellow diffusion. This does not mean that ciliated cells are devoid of gap junctions; in fact, they express Cx30, another gap junction protein which is not permeable to Lucifer yellow (12).
Cytokine and Mucin Production
The production of IL-8 and mucin is changing with hAEC differentiation. Il-8 was measured using an ELISA kit (CLB, Amsterdam, The Netherlands or BD OptEIA TM , BD Biosciences, UK) in basal medium that was collected every 2 days. Typically, a well-polarized and differentiated airway epithelium produces 5-15 ng/ml of IL-8 per day.
Quantification of mucin production can be evaluated with the enzyme-linked lectin assay (ELLA). At time 0, the apical surface is rinsed with the buffered NaCl solution and cultures are returned to the incubator for various amount of time. At appropriate time points, the accumulated mucus at the apical surface is recovered with 200 μl of buffered NaCl. Glycoproteins in the mucus are captured by Helix pomatia lectin (HPA-lectin) and then revealed by HPA-horseradish peroxidase lectin conjugate (HPA-HRP). The amount of mucus secreted on the epithelial surface is calculated by dividing the obtained values with the number of days of accumulation (ng/ml/day). Mucins are not present in the basolateral compartment.
Approaches to Study Repair of hAECs
Following injury, hAECs migrate and proliferate to cover the wound. Covered areas exhibit hAECs that stop proliferating but re-differentiate into a pseudostratified airway epithelium (13) . All these processes take place simultaneously with progression of the wound closure. Below, we describe approaches to wound the airway epithelium and to monitor its repair.
Wounding
Several approaches may be considered for wounding a MucilAir TM culture (see Notes 5-7 for alternative wounding techniques). In the specific context of in vitro hAEC cultures on Transwell inserts, these approaches are limited by the fragility of the microporous membrane and the lack of accessibility to the cell surface.
We report below the method we are using to make reproducible, regular, and circular wounds. Targeted cells are locally removed from the insert without damaging adjacent cells on the membrane by using an airbrush linked to a pressure regulator. As shown in Fig. 10.2 , the diameter of the airbrush fits in the Transwell inserts (Fig. 10.2a) . As these inserts are particularly calibrated, the same distance between the airbrush nozzle and the epithelial surface is kept. Note that these parameters depend mainly on the companies where airbrush and inserts are from:
1. Rinse the apical surface of hAEC cultures with the buffered NaCl solution.
2. Every pieces of the airbrush should be carefully cleaned. Also manage a clean area under sterile conditions (typically a culture hood) for wounding.
3. To avoid drying of the apical surface while wounding, the reservoir of the airbrush is filled with the buffered NaCl solution.
4. Adjust the air pressure between 0.1 and 0.5 bar.
5. Introduce the airbrush head into the insert until the end (about 4 mm).
6. Apply a brief pulse of air for 1-2 s. This parameter is highly dependent on the equipment and should be adjusted by each user. Depending on the pressure and the number of pushes on the airbrush, the size of the wound varies between 2 and 15 mm 2 .
7. Remove debris and detached cells by carefully washing the surface with the buffered NaCl solution and return the cultures to the incubator to allow cell repair. Images of the circular wound that is obtained following this procedure are shown in Fig. 10.2b. 
Monitoring Wound Closure: Kinetics
One of the most convenient, reliable, and non-destructive methods to monitor wound closure is the measurement of transepithelial electrical resistance (TEER). The TEER of wounded cultures should be compared with that of empty Transwell inserts with culture medium in both basal and apical compartments. With repair and re-establishment of junctional complexes, TEER sharply increases to about 400-500 cm 2 , which is typical for in vitro human airway epithelia (see Discussion in reference 11). The kinetics of recovery obviously depends on the wound size.
Another approach to monitor the kinetics of wound closure is by image analysis. To this end, we use an automated inverted microscope (DMIRE2; LEICA) equipped with a DMSTC XY stage and a digital camera (Ds-5Mc; Nikon) connected to a personal computer. At regular intervals, the surface area of each insert is scanned. Typically, 35 images using a 5× objective are needed to complete the scanning of one insert. Reconstitution of the culture surface is performed by the analysis of pictures with the Image Pro Plus 6.0 software (Media Cybernetics). Alternatively, the ImageJ software (National Institutes of Health, Bethesda) can also be used (http://rsb.info.nih.gov/ij/). Typical images of progression of hAEC repair are shown in Fig. 10.3a, b also shows a paraffin section of an airway culture 96 h after wounding. Note the change in the height of the epithelium characterized by non-ciliated migrating/proliferating hAECs. To quantify wound closure, the wound area X is measured at different times (T 1 , T 2 , etc.). The wound area X is considered as a circle, allowing the determination of its radius R:R = √ (X /π). The distance covered by the migrating/proliferating hAECs between time intervals is then given by the difference between R 1 and R 2 , with R 1 and R 2 being the radii determined at times T 1 and T 2 , respectively.
Monitoring Wound Closure: Cell Behavior
It is also possible to monitor wound healing by live imaging. The approach is limited by many factors, including time (it takes days for the epithelium to repair), cell focus (change from a tall differentiated epithelium to a migrating cell monolayer), maintenance of pH of the culture medium, and humidity of the cell environment. However, live imaging can be used within shorter time frames (several hours) at higher resolution to monitor cell behavior at edges of the wound. Thus, depending on the time after wounding, it is in principle possible to observe cell migration, division, and/or differentiation in specific and restricted areas of the repairing airway epithelium. Typically, one needs an inverted microscope equipped with a close chamber enabling control of temperature, CO 2 , and humidity. The microscope is also equipped for time-lapse imaging. For good (but not optimal) resolution of cell behavior cultured on Transwell inserts, refer to Note 8 for tips and tricks.
Criteria of Repaired Airway Epithelium
As expected from a well-differentiated and polarized airway epithelium, the very same criteria hold for a fully repaired epithelium after injury, including the following:
1. A tall pseudostratified mucociliated morphology.
2. Positive and massive immunostaining for β-tubulin but no detection of Ki-67, Cx26, and Cx43.
3. Lack of Lucifer yellow-mediated gap junctional intercellular communication.
4. Low basal production of IL-8 but sustained apical secretion of mucins.
Notes
1. Superfrost R slides are positively charged allowing a better adhesion of samples and avoiding the use of fixation or glue. Alternatively, regular slides may be used after a poly-lysine treatment.
2. To avoid pressing the airway mucosa during the mounting of the samples after immunostaining, an alternative is to use small strips of tape on each edge of the Superfrost slide to create a small chamber where the sample is placed. Then, cover the sample with a coverslip.
3. To easily cut off the top part of inserts, we used a thin inox wire connected to a 6.3-A, 2-8-V DC generator (typically generators used for microscope bulbs). We designed a system whereby the positioning of the wire height could be changed to adapt for various plastic wares (Transwell inserts, Petri dishes, etc.).
4. To easily backfill microelectrodes with the Lucifer yellow solution, we recommend the MicroFil TM needle from World Precision Instruments, Inc. (Microfil MF34G).
5. Mechanical wound may be performed by using the tip of a pipette (14, 15) . This technique is particularly simple when performed on a plastic dish but becomes more challenging on membrane inserts. The main inconvenience remains the risk to damage the microporous membrane and to tear the tall airway epithelium apart.
6. Mechanical wound may also be performed following the methodology reported by Vermeer et al. (16) . A home-designed wounding device performs a reproducible ring-shaped wound when lowered onto cells and turned 360 • C.
7. Chemical wounding consists of the deposit of a small volume of 1 M sodium hydroxide and its rapid neutralization with DPBS. Tournier et al. (17) reported that a drop of 1 μl leads to a circular wound area of 30 mm 2 . Transposed to our model (insert area of 33 mm 2 ), this technique would need to be adapted for smaller volumes.
8. To monitor the cell behavior by live imaging, we are using 35-mm Petri dishes with a glass bottom (12 mm, ref. number 73911035; Milian) and for which a hole has been drilled through the covers. The diameter of the hole is slightly larger than that of the bottom of the insert. This simple trick allows holding the insert in proximity to the glass bottom, which is of help for imaging using a 40× objective. The dish is filled with culture medium, while 100 μl is added to the wounded surface. This allows to bath cells with sufficient medium and to ensure humidity and gas exchange in the Petri dish.
